We propose an unprecedented transmit-array configuration which can mold the incident beam by modulating phase and amplitude wavefronts. The transmit-array is composed of patterned graphene metasurfaces as shunt admittance sheets. Thanks to the exceptional features of graphene such as tunability, thinness, low loss, and high confinement of graphene plasmons, the proposed subwavelength structure passes strict touchstones for nano-photonic and optoelectronic applications. Two flat-optics functionalities, i.e., focusing and splitting, are realized by means of the proposed configuration. Wavefront shaping is realized by accumulating phase during light propagation in conventional optical components such as conventional lenses, prisms, and spatial light modulators. The bulky geometry of conventional dielectric lenses besides non-negligible reflection losses, spherical aberration, and long focal length has intriguied the investigation of planar configurations [1, 2] .
Wavefront shaping is realized by accumulating phase during light propagation in conventional optical components such as conventional lenses, prisms, and spatial light modulators. The bulky geometry of conventional dielectric lenses besides non-negligible reflection losses, spherical aberration, and long focal length has intriguied the investigation of planar configurations [1, 2] .
As a promising alternative to planar configurations, plasmonic lenses support much higher index contrast over conventional dielectric-based optical components and, consequently, their focal length is much lower [3] . Moreover, the thinner configurations of plasmonic lenses makes them a superior choice compared to their conventional shape-based dielectric counterparts at the same operational wavelength. This superiority shows itself in different features such as nanoscale light controlling, breaking the diffraction limit, and eliminating spherical aberration [1] . Up to now, several plasmonic lenses have been proposed using arrays of nanoparticles [4] , nanoantennas [5] , nanoholes [6] , and nanoslits [7] .
In contrast to continuous processing of wavefront phase profile in dielectic-based structures, a novel approach based on the frequency selective surfaces (FSSs) concept has been proposed which controls phase discontinuities between incident and scattered light by using resonant optical scatterers in structured arrays [8] .
For about half a century, researchers have investigated FSSs for their widespread applications. FSSs are usually planar or curved structures of arranged metallic patches or apertures repeated periodically in either one-or two-dimensional (2D) arrays on a dielectric substrate. The behavior of FSSs is dependent on the elements' shape, size, thickness, and spacing, as well as substrate parameters that determine their transfer function over a specified bandwidth [9] . Peerless features such as 2D anatomy, real ease of fabrication, unique frequency selective property, and operating as ultrathin impedance sheets, which could be modeled by circuit concepts, made FSSs a promising platform to realize polarizers, beam splitters, and absorbers [10] .
Recently, beam shaping has been demonstrated by manipulating refractive index distribution of the so-called metamaterials to incite a number of exotic phenomena such as subwavelength focusing, cloacking, and mathematical operators [11] [12] [13] . By merging the FSS concept and metamaterials properties, a new concept of metasurfaces has emerged [14] [15] [16] .
Metasurfaces known as ultrathin metamaterials with periodic or aperiodic elements demonstrate extraordinary features to control electromagnetic waves between two media. In spite of the bulky nature of metamaterials, the 2D planar configurations of metasurfaces are compatible with on-chip nano-photonic and opto-electronic devices [17] .
In metasurfaces, manipulating light wavefront is achieved by controling amplitude and phase of incident beam. By tuning the phase profile, both reflected and transmitted waves can be steered to directions different from those predicted with the conventional Snell's law [8, [18] [19] [20] [21] .
A recent proposal [22] employs an optical nanocircuit concept by which a stack of three metasurfaces as a transmit-array realizes efficient light shaping such as light bending and focusing. In this Letter, the basic building block that operates as a parallel LC admittance is composed of aluminum-doped zinc oxide (AZO) as plasmonic and silicon (Si) as dielectric portions. Although the proposed structure has unprecedented efficiency, it could not be considered as an ultrathin metasurface (each metasurface thickness is about λ Si ∕3.5, where λ Si is the wavelength of light in silicon) which is a significant criterion for nano-optics applications. Moreover, the metasurface is not low loss due to the non-negligible imaginary part of the plasmonic section.
Very recently, an array of graphene ribbons has been demonstrated as optical circuit elements [23] , so they can be used as building blocks of metasurfaces instead of metal-based structures. Actually, exotic features of graphene such as high mobility of electrons, low resistivity, high optical transparency, tunable conductivity, and extreme mode confinement [24] make graphene an exceptional choice in the field of plasmonic metamaterials from microwave to infrared regime [25, 26] . Due to the abovementioned advantages, graphene has been proved to be a suitable alternative for noble metals such as gold and silver.
Here, an efficient class of metasurface transmit-arrays composed of graphene ribbons as beam processors is proposed which satisfies two main requirements of metasurfaces, i.e., subwavelength separation of scatterers and being ultrathin [1] (it is actually the thinnest possible structure). Using graphene as a plasmonic section not only decreases the loss compared to lossy materials such as AZO, but also provides more tunability due to dependence of graphene conductivity on external voltage bias. Another advantage of graphene plasmonics is the high confinement of surface plasmon mode on graphene [24] , which leads to a much higher effective index. This property is of great importance in designing a lens with a very small focal length, or achieving higher focus quality for a given focal length.
To efficiently manipulate the transmitted wave, transmission amplitude should be maximized while at the same time transmission phase should cover the whole 2π range independently [27] . However, full control over transmission amplitude and phase using an ultrathin single surface is impossible [22] . On the other hand, transmission amplitude can be enhanced by using two surfaces, but accessible phase range is again limited. In this Letter, we use a stack of three metasurfaces to achieve simultaneously high transmission amplitude and complete phase coverage [22] . Accordingly, the proposed metasurface transmit-array is shown in Fig. 1(b) : a stack of three metasurfaces made of graphene ribbon arrays. In this configuration, each unit cell, as shown in Fig. 1(a) , operates as a spatial phase shifter and amplitude modulator simultaneously. To make the structure symmetric and simplify the design process, the two external metasurfaces are chosen to be equal. To be experimentally feasible, each metasurface resides on top of a doped silicon substrate separated by a thin SiO 2 dielectric spacer. The dc bias voltage is applied between graphene and the Si substrate [28] . Moreover, the chemical potential of graphene can be locally tuned by adjusting the thickness of the SiO 2 layer, l d [24] . However, in the simulations, we assume a constant value of l d 100 nm for the sake of simplicity. It should be noted that slight variations of l d have negligible effect on the simulation results, since l d is very small compared to the wavelength of light. The length of substrate section l s is λ s ∕4, where λ s is the wavelength of light in the silicon. The relative permitivity of silicon dioxide and silicon is ε d 3.9 and ε s 11.7, respectively. The equivalent circuit for the proposed structure is shown in Fig. 2 , where the dielectric spacers and substrates are modeled with transmission lines whose wave impedances are η d ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi μ 0 ∕ε 0 ε d p and η s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi μ 0 ∕ε 0 ε s p . Furthermore, the metasurfaces are modeled with shunt R-L-C admittances as proposed in [23] . Near the first mode of graphene ribbons, the equivalent resistance, inductance, and capacitance is
where
W , W is the graphene ribbon width, D is the period length, and q 1 can be calculated from Table II of [23] . It should be noted that σ s is the surface conductivity of graphene calculated by the Kubo's formula [29] ,
where ω is the frequency, μ c is the chemical potential, τ is the relaxation time which represents loss mechanism, T is the temperature, e is the charge of an electron, ℏ is the reduced Planck's constant, and k B is Boltzmann's constant. The transmission of the structure S 21 can be easily derived by using the transmission line theory [30] ,
is the transfer matrix of the structure and Y out 1 0
in which y in and y out are the admittances of the internal and the external metasurfaces, respectively. We aim to achieve high transmission amplitude (>0.7) and, simultaneously, full control over the phase of the transmitted wave. By duly tuning the internal and external admittances, the above mentioned criteria are met. The admittances can be easily controlled by the gating voltage applied to the graphene ribbons. To manipulate transmitted wave amplitude and phase efficiently, the admittance should follow smooth variation in a proper range around the resonance frequency. Higher fill factor (W ∕D) leads to lower quality factor of each R-L-C branch and manifests itself as a broader resonance [23] and, thus, smoother variations of admittances. Setting the operating frequency to be 20 THz and the fill factor to be W ∕D 0.75, the period has to be D 200 nm to observe a resonance around a reasonable value of chemical potential: μ c 0.85 eV. Moreover, the relaxation time and the temperature are assumed to be τ 1 ps and T 300 K, respectively. These values also fulfill the important criterion of subwavelength separation of scatterers, as discussed before.
The amplitude and phase of S 21 versus the chemical potential of the internal and external metasurfaces, μ c;in and μ c;out , are depicted in Fig. 3 According to geometrical optics, to implement various functionalities such as beam focusing, collimation, anomalous bending, and splitting, the transmission phase profile should be modulated appropriately. As an example, for realizing a lens, the phase distribution along the transverse direction should be [31] 
where f is the focal length and λ is the wavelength. A lens with a very short focal length (f 1λ) is designed here to demonstrate the exceptional performance of the proposed transmitarray. The phase distribution based on (6) is plotted in Fig. 4(a) . We first discretize this profile along the x direction with steps of 45°; then the appropriate chemical potentials for a given phase shift are picked up from Fig. 3(c) . It should be noted that the points in Fig. 3(c) should be chosen in a way that the transmission amplitude becomes as high as possible. Graphene ribbons are then biased according to the selected points. Figure 4(b) shows the magnetic field distribution for the designed lens. The magnetic field intensity pattern in the xz plane [ Fig. 4(c) ] confirms the focusing action of the lens.
As another example, we design an array that bends the incident light into two directions. For bending the normal incident wave in a specific direction, a linear phase profile should be imprinted to the impinging wave. Thus, the phase variation in the transverse direction is given by the following Eq. [22] :
where k is the wave number and θ t is the desired transmission bent angle. Using this general approach, a beam splitter is implemented by steering the incident wave into two equal oblique paths. Figure 5 (a) shows the required linear phase shift profile to realize transmission angles of 30°and −30°. Figure 5 (b) presents the simulated magnetic field distribution through the transmit-array, while the corresponding magnetic field intensity is illustrated in Fig. 5 (c).
It should be noted that we also applied Ansoft's HFSS to further validate our anticipated simulation results.
In summary, a subwavelength transmit-array made of three stacked graphene-based metasurfaces is proposed. Using circuit concepts, it has been demonstrated that such a configuration is able to control the phase pattern of the transmitted wave while at the same time maximizes its amplitude. The full control over the phase is due to the tunability of conductivity of graphene On the other hand, the high efficiency is the result of graphene low loss feature. These exceptional specifications, besides highly confined graphene plasmons, enable us to realize two efficient optical devices, i.e., lens and splitter. New applications may also be achieved by modulating the unit cell in both transverse directions, which yields a configuration with 2D arrays of graphene patches. Full control over the transmission amplitude, in addition to phase, can be also achieved which can be utilized in computing and signal processing applications.
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